Pak4 is a member of the B group of p21-activated (Pak) kinases, originally identified as an effector protein for Cdc42. Although Pak4 is expressed at low levels in most adult tissues, it is highly overexpressed in tumor cell lines. Here, we show that Pak4 is also overexpressed in primary tumors, including colon, esophageal, and mammary tumors. Overexpression of Pak4 also leads to tumor formation in athymic mice, whereas deletion of Pak4 inhibits tumorigenesis. Although a constitutively active Pak4 mutant was previously shown to promote oncogenic transformation in cultured cells, our results are the first to show that Pak4 also promotes tumorigenesis in experimental animals. Furthermore, these results show for the first time that not only constitutively active Pak4, but also wild-type Pak4, is transforming, when experimental animals are used. These results are highly significant because wild-type Pak4, rather than activated Pak4, is overexpressed in tumor cells. Our results suggest that overexpression or activation of Pak4 is a key step in oncogenic transformation, due to its ability to promote cell survival and subsequent uncontrolled proliferation. The finding that Pak4 is up-regulated in so many types of cancers indicates that Pak4 may play a vital role in a wide range of different types of cancer. This makes it an attractive candidate for drug therapy for different types of cancer.
Introduction
Normal development requires precisely regulated levels of cell survival, apoptosis, proliferation, and differentiation. Increased levels of cell survival, uncontrolled proliferation, or failure to differentiate are often associated with oncogenesis.
Understanding the signaling pathways that control these cellular processes is essential for understanding the molecular basis of transformation. Protein kinases play key roles in the intracellular signaling pathways that regulate cell growth control. One group of protein kinases that has important roles in a number of different intracellular signaling pathways is the p21-activated kinase (Pak) family of serine/threonine kinases. The Paks were first identified as effector proteins for Cdc42 and Rac, members of the Rho GTPase family. More recently, they have also been found to have Rho GTPase -independent activators. The Paks fall into two categories, group A and group B, based on their sequences and functions. The group A family includes mammalian Pak1, Pak2, and Pak3 (1-3), whereas group B includes Pak4, Pak5, and Pak6 (4) . All of the Paks have an amino-terminal regulatory domain and a carboxyl-terminal kinase domain, with a GTPase-binding domain within the regulatory domain. The group A and B Paks, however, differ significantly from each other in both sequence and function (4) .
Among the group B Paks, Pak4 is highly expressed during development and is ubiquitously expressed at low levels in all adult tissues. In contrast, Pak5 and Pak6 are largely expressed in the brain. Pak4 was originally identified as a protein that promotes filopodia formation in response to activated Cdc42 and it is an important link between Cdc42 and filopodia formation (5) . Pak4 also leads to the dissolution of stress fibers and subsequent loss of focal adhesions, possibly due to inhibition of Rho activity (6) . Although Pak4 is expressed at low levels in most adult tissues, it is highly overexpressed in almost every tumor cell line that has been tested (7) . This is in sharp contrast to Pak6, which is highly expressed in a few adult tissues but is not overexpressed in most tumor cell lines (7) . This suggests an important role for Pak4 in cell growth, survival, and proliferation, all of which are important for tumorigenesis. In fact, we and others have found that like activated Cdc42 (8-10), a constitutively active Pak4 mutant promotes anchorage-independent growth when overexpressed in immortalized fibroblasts (6) . Anchorage-independent growth is an important hallmark of oncogenic transformation (6) . Although normal adherent cells stop growing or die when they are not attached to a surface, cancer cells can survive and proliferate even when detached, leading to anchorage-independent growth and often to metastasis. The transforming ability of activated Pak4 is quite dramatic. In fact, the constitutively active Pak4 mutant is as efficient as oncogenic Ras, a very strong oncogene, in promoting anchorageindependent growth in cultured cells (6) . Consistent with this effect, dominant negative Pak4 partially inhibits the formation of anchorage-independent foci in response to oncogenic Dbl in fibroblasts (6) , and in some cells it also inhibits transformation by oncogenic Ras (7) .
The mechanism by which the activated Pak4 mutant transforms cultured cells is unknown, but one possibility is that its role in cell survival contributes to its role in transformation. When overexpressed, Pak4, as well as several other Paks, is associated with protection from apoptosis (11, 12) . Conversely, cells lacking Pak4 have an increased susceptibility toward apoptosis (13) . Pak4 promotes cell survival by different mechanisms, depending on the stimulus. In response to serum withdrawal, Pak4 protects cells via a kinase-dependent mechanism that is associated with its ability to phosphorylate the proapoptotic protein Bad (12), similar to Pak1, which also protects cells from apoptosis (14, 15) . In response to stimuli that activate death domain -containing receptors, however, such as tumor necrosis factor or Fas ligand, Pak4 functions via a kinase-independent mechanism. In this case, Pak4 inhibits the formation of the DISC complex that forms on the cytoplasmic side of the receptor, thereby inhibiting caspase-8 recruitment and activation (11) . Studies using cells that lack Pak4 have also shown that Pak4 has a role in activating cell survival pathways, which lead to nuclear factor-nB and extracellular signal-regulated kinase (ERK) activation (13) .
It is interesting that although the activated Pak4 mutant is transforming in cultured NIH3T3 cells, wild-type Pak4 does not transform cells in culture (6) . Furthermore, although anchorageindependent growth in cultured cells is an important predictor of oncogenesis, there are many other criteria that define a cell as transformed. One very important requirement for defining cells as malignant is the ability to form tumors in experimental animals. Formation of tumors in athymic (nude) mice is often used as a test to determine whether cells are malignant and whether an oncogene is transforming. Here, we show that overexpression of Pak4 leads to tumor formation in athymic mice. We were also able to use our Pak4 knockout cells to show that Pak4 has an essential role in transformation downstream to activated Cdc42 and also plays a role in mediating transformation by oncogenic Ras. Interestingly, when using athymic mice as a model, even wild-type Pak4 is highly transforming. This is the first work to indicate a role for wild-type Pak4 in actually causing tumors to form when it is overexpressed. As part of this study, we also show that Pak4 is overexpressed in primary tumors, including colon, esophageal, and mammary tumors, rather than only in tumor cell lines. Taken together, our results suggest that Pak4 is a causative agent in tumor formation and not simply a side effect of transformation. Because Pak4 is up-regulated in several types of cancers, our results suggest that it could serve as a general mediator of oncogenic transformation, playing a vital role in a range of different types of cancer.
Results

Pak4 Is Overexpressed in Tumors
Previous studies showed that Pak4 is overexpressed in cancer cell lines (7) . Cell lines, however, have gone through numerous passages and can be far removed from the actual primary tumor. We therefore cannot rule out the possibility that Pak4 overexpression is somehow a result of the culturing of these tumor cell lines. We were therefore interested in determining whether Pak4 is also overexpressed in primary tumors. To test this, we carried out Western blot analysis of primary tumor tissues from four sources. The first was primary human esophageal squamous cell carcinoma (16) ; the second was mouse colon tumor tissue; the third was rat mammary tumor tissue (17) ; and the fourth was human breast tumor tissue. For every condition, we also examined the corresponding normal tissue as a control. Although there was variability in the amount of overexpression, we found that in all of these types of cancer, there was a higher level of Pak4 protein in the tumor tissue compared with the normal control tissue (see Fig. 1 ). These results indicate that Pak4 is in fact overexpressed in primary tumors in addition to nearly every tumor or cell line that has been tested. Thus, Pak4 seems to be broadly expressed in different types of tumors rather than limited to a specific type of cancer.
Overexpression of Pak4 Leads to Tumor Formation in Athymic Mice
We next wanted to determine whether Pak4 is sufficient to promote oncogenesis. We previously showed that a constitutively active mutant of Pak4 promotes anchorage-independent growth in cultured immortalized fibroblasts (6). We did not, however, observe anchorage-independent growth in fibroblasts overexpressing wild-type Pak4. This was somewhat surprising because wild-type Pak4 promotes cell survival (11, 12) , which is associated with tumorigenesis. We therefore determined whether wild-type Pak4 promotes tumorigenesis in the athymic mouse system, in addition to the activated Pak4 mutant.
NIH3T3 cells that stably overexpress wild-type Pak4, activated Pak4, or empty vector (pLPC; ref. 6) were injected subcutaneously into the flanks of athymic mice. Western blot analysis of a sample of each of these stable cell lines is shown in Fig. 2A . The different cell lines were injected s.c. into the flanks of athymic mice to determine whether they led to tumor formation. After 16 days, we found that cells containing activated Pak4 formed large tumors in the mice, whereas the control cells [containing empty vector (pLPC)] and the cells overexpressing wild-type Pak4 did not lead to tumor formation (see Fig. 2B ). By 44 days, however, the cells overexpressing wild-type Pak4 also formed large tumors. The control cells still did not form tumors at this time point (see Fig. 2C ) or at any time point tested. Tumor volumes and tumor weights at different time points are illustrated in Fig. 2D and E. From these results, it is clear that both wild-type and activated Pak4 can promote tumor formation in athymic mice.
Tumors Formed by Pak4 Have a Morphology Characteristic of Sarcomas
Next, we observed the morphologies of the tumors formed by wild-type or activated Pak4. Tumors and the corresponding normal tissues were sectioned, stained with H&E, and visualized under a microscope. Histologic analysis indicates that at day 16 postinjection, tumors from the mice injected with cells containing activated Pak4 had an appearance typical of sarcomas, arranged in interlacing fascicles of pleomorphic giant multinucleated cells, which are spindle-shaped cells with a stringy appearance (see Fig. 2F , top). Tissues taken from the injection sites of the mice injected with wild-type Pak4-expressing cells appeared normal at day 16, but by 44 days postinjection, wild-type Pak4 also promoted tumors with features typical of sarcomas (see Fig. 2F , bottom). These data support the finding that both wild-type and activated Pak4 promote tumors when overexpressed.
Pak4-Induced Tumors Have a Decreased Level of Apoptosis Compared with Control Tissue
The results described above are the first indication that wild-type Pak4 on its own is sufficient to induce tumors. Next, we were interested in determining the mechanism by which Pak4 promotes tumors. Previously, we have found that Pak4 protects cells from apoptosis (11, 12) . One possibility is that the ability to protect cells from apoptosis and thus increase cell survival may be part of the mechanism by which Pak4 triggers tumorigenesis. We therefore examined apoptosis in the tumors formed by Pak4. This was done by examining the levels of activated caspase-3 as an end point of apoptosis (18, 19) . Tumors formed by cells overexpressing wild-type Pak4 were isolated, as well as the corresponding regions from mice that had been injected with empty vectorcontaining cells. Lysates were prepared from the tissue samples and used to carry out Western blots using an antibody that recognizes cleaved (activated) caspase-3. The level of activated caspase-3 was significantly lower in the tumors compared with control samples (see Fig. 3A ).
Immunohistochemistry analysis of tissue sections also revealed a decrease in active caspase-3 and hence a decrease in apoptosis in the tumors overexpressing Pak4 (see Fig. 3B ). In fact, tissue sections taken from mice injected with the wild-type Pak4-overexpressing cells showed a decrease in active caspase-3 levels as early as day 16 postinjection, although tumors had not even begun to form at this time point (see Fig. 3B ). They continued to show a decrease in caspase-3 activity by day 44, at which point tumors were seen. Thus, inhibition of apoptosis seems to begin early, before Pak4 actually causes tumors to form.
Increased Proliferation in Pak4-Induced Tumors
Mice were injected with NIH3T3 cells containing empty vector (pLPC), wild-type Pak4, activated Pak4, or oncogenic RasV12, as a positive control. Tissue sections were taken from the injection sites of all of the mice 16 or 44 days after injection. Tumor sections and control tissues were stained with H&E and with antibody against Ki67, which recognizes proliferating cells. The results, as shown in Fig. 4A , indicate that wild-type and activated Pak4 lead to an increased number of proliferating cells in the tissue sections. The increased number of proliferating cells was also seen as early as 16 days in the tissue injected with cells containing wild-type Pak4, before the tumors started to form. Increased proliferation is often associated with increased phosphorylation of the ERK mitogen-activated protein kinase. To determine whether ERK phosphorylation is increased in the tumors, we carried out Western blot analysis of tumor and control lysate using antiphospho-ERK antibody and anti -total ERK antibody. Interestingly, we saw a slight increase in the level of phospho-ERK, relative to the amount of total ERK. This was especially noticeable for ERK2 (p44; see Fig. 4B ). As a negative control, we also examined phosphorylation of p38, another mitogenactivated protein kinase, and did not see an increase in its phosphorylation in the tumors (see Fig. 4B ). Thus, increased proliferation and increased ERK activation may be another contributing factor by which Pak4 leads to transformation, and may occur early, during the lag time before Pak4 actually produces tumors.
Tumor Formation in Response to Oncogenic Ras Is Attenuated in Pak4 Null Cells
The above studies indicate that Pak4 is sufficient to form tumors in nude mice. An equally important question is whether Pak4 is also necessary for tumor formation. To address this question, we used fibroblasts that had been isolated from Pak4 null embryos or wild-type controls (20) and immortalized by serial passaging. The Pak4 null and wild-type fibroblasts (which grow at similar rates) were infected with a retrovirus containing oncogenic RasV12, a strong oncogene, or with empty vector (pLPC). Western blot analysis of the wild-type (Pak +/+ ) and Pak4 knockout (Pak4 À/À cells were maintained for 6 more days, by which time larger tumors began to form even in these mice (see Fig. 5B, bottom) . In some cases, these Pak4 À/À tumors were especially bloody in appearance (see Fig. 5B, bottom) . Figure 5C Fig. 6A . Cdc42V12-transfected cells resulted in large tumors when injected into the athymic mice. Strikingly, however, no tumors formed in mice that were injected with the Pak4 knockout cells, even those infected with Cdc42V12 (see Fig. 6B and C) . Our results indicate that Pak4 has a direct role downstream to Cdc42 in oncogenic transformation. 
Discussion
Pak4 was originally identified as a protein that plays a role in regulating cytoskeletal organization and cell shape (5). Later, it was also found to have a role in regulating cell growth and survival (6, (11) (12) (13) . Although Pak4 is expressed at high levels in embryos, it is expressed at low levels in most normal adult tissues. It is overexpressed, however, in a large number of different tumor cell lines (7), suggesting an important role for Pak4 in cancer. Here, we examined Pak4 expression levels in three different types of primary tumors (colon, mammary, and esophagus), and found that, in every case, tumor tissues contained more Pak4 than the corresponding control tissues. This suggests that overexpression of Pak4 is not simply a by-product resulting from the culture of the tumor cells because it is found directly in the primary tumors.
The finding that Pak4 is overexpressed in tumors is compelling, and these results led us to determine whether overexpression of Pak4 is also sufficient to promote tumorigenesis. Interestingly, the expression of a constitutively active mutant of Pak4 promotes anchorage-independent growth in cultured cells, but wild-type Pak4 has no effect (6). Anchorage-independent growth in cultured cells is an important predictor of oncogenesis because normal adherent cells need to attach to a surface to survive, whereas cancer cells lose this anchorage dependence. However, there are numerous other tests to determine whether a cell is transformed and whether a gene promotes tumorigenesis in the cells that express it, including decreased density dependence, decreased serum requirement, loss of cell cycle control, loss of differentiation, and resistance to apoptosis. One very important requirement for defining cells as malignant is that they form tumors in experimental animals. Formation of tumors in athymic mice is often used as a test to determine whether cells are malignant and whether an oncogene is transforming. To test whether Pak4 promotes tumors in athymic mice, we used NIH3T3 cells that overexpress Pak4. NIH3T3 cells normally only have a low level of Pak4 but the stable cell lines we generated express Pak4 to a level comparable with what is seen in tumor cell lines. Interestingly, we found that overexpression of Pak4 is sufficient to cause tumor formation in athymic mice. These results are quite exciting because they show for the first time that Pak4 promotes tumorigenesis in animals and not only in cultured cells. The results are especially intriguing because we found that in mice, even wild-type Pak4 is tumorigenic when overexpressed. Our results provide support for the idea that wild-type Pak4 is not only overexpressed in cancer cells but also sufficient to cause tumorigenesis. It should be noted that these experiments were all carried out using NIH3T3 cells. NIH3T3 cells are frequently used as a model to study tumorigenesis. However, because most tumors are of epithelial origin rather than fibroblasts, in future studies it will be important to determine whether Pak4 also plays an important role in transformation using epithelial cells as a model. An important question is, ''What is the mechanism by which Pak4 promotes tumors?'' Previously, we found that Pak4 inhibits apoptosis and thus promotes cell survival (11, 12) . Interestingly, we have found that there is a decreased level of Pak4 expression and h-actin expression were also assessed. B. apoptosis in Pak4-induced tumors compared with control tissues, as assessed by examining caspase-3 levels. Conversely, we see an increase in proliferation in the cells of the Pak4-induced tumors. We propose, therefore, that inhibition of apoptosis and subsequent increased cell survival and cell growth play a key role in Pak4-induced tumorigenesis. Previously, we found that Pak4 inhibits apoptosis by two different mechanisms. The first is a kinase-independent mechanism, mediated by inhibition of initiator caspases (11); the second is a kinase-dependent mechanism, mediated by phosphorylation of Bad (12) . Interestingly, we have found that Pak4 (K350M), a kinase dead mutant, can promote tumorigenesis as efficiently as wild-type Pak4 (data not shown). This supports the idea that Pak4 can operate via the first mechanism, the kinase-independent mechanism, to promote cell survival and subsequent tumorigenesis. However, although the Pak4 (K350M) mutant and wild-type Pak4 were both equally transforming, the activated Pak4 mutant, Pak4 (S445N), had A. an even more dramatic effect on tumor formation. Thus, although kinase activity may not be required for Pak4-induced transformation, it may contribute to cell survival and tumorigenesis. In future experiments, it will be interesting to examine activated caspase-8 levels in the tumors as well as caspase-3, because Pak4 was shown to inhibit initiator caspases (such as caspase-8), as well as initiator caspases (like caspase-3), via a kinase-independent mechanism (11). It is interesting that there is a lag time before wild-type Pak4-expressing cells form tumors; yet, once tumors begin to form, they do so quite rapidly and grow to a large size. We have found that the decrease in apoptosis and increase in proliferation is seen early, even before tumors form in response to wild-type Pak4. These results suggest that increased proliferation and survival are events that occurs early, during the lag time before tumorigenesis begins in response to wild-type Pak4, and that this eventually primes the cells to proliferate without control and become tumor cells. The sequence of events that must occur before wild-type Pak4 causes tumors to form may require the complex environment of an animal model system. This may explain why transformation in response to wild-type Pak4 is not seen in a simpler cell culture system.
In addition to inhibiting apoptosis, we previously showed that Pak4 specifically activates prosurvival pathways, which lead to activation of pathways such as the nuclear factor-nB pathway and the ERK mitogen-activated protein kinase pathway. Cells lacking Pak4 thus have decreases in nuclear factor-nB and ERK activities (13) . Consistent with this, we see an increase in phosphorylated ERK in the Pak4-induced tumors and this is associated with an increase in proliferation. We propose that cells overexpressing Pak4 have a decrease in apoptosis, an increase in cell survival pathways, and consequently an increase in signaling pathways such as the ERK pathway that promote cell proliferation.
Another issue addressed in this study is whether Pak4 is necessary for tumorigenesis. We found that although RasV12 led to tumor formation, even in the absence of Pak4, the tumors grew more slowly and grew to a smaller size. It is interesting that some of the tumors derived from the RasV12; Pak4 -/-cells were especially bloody in appearance (see Fig. 5 ). This raises the intriguing possibility that the Pak4 À/À tumors are undergoing apoptosis or necrosis and are thus stopped from growing any larger, presumably because of the lack of Pak4. This would be consistent with a critical role for Pak4 in cell survival and inhibition of apoptosis. In contrast to oncogenic Ras, the absence of Pak4 led to nearly complete abrogation of tumors in response to Cdc42V12. This is consistent with the role for Pak4 as a Cdc42 effector protein (5) and suggests the presence of a Pak4-dependent signaling pathway leading to Cdc42 and its activators to transformation. It is interesting that Pak4 is highly expressed during embryogenesis but expressed at low levels in most adult tissues (20) . This is consistent with a role for this protein in cancer. Although Pak4 most likely plays an important role in the rapid cell growth that occurs during embryogenesis, in adults, proliferation levels decrease and high levels of Pak4 may no longer be needed. Instead, when improperly overexpressed or activated in adult tissues, Pak4 may promote increased cell survival, uncontrolled growth, and tumorigenesis. Because Pak4 is almost undetectable in most normal tissues but upregulated in several tumors, it may be an attractive candidate for drug therapy for a number of different types of cancer.
Materials and Methods
Tumor Samples
Human esophageal squamous cell carcinomas were obtained from patients in Linzhou People's Hospital, Linzhou, Henan, China (16) . Human breast tissues were obtained from the Cooperative Human Tissue Network of University of Pennsylvania medical center. Mouse colon tumor tissue was obtained from azoxymethane-treated CF-1 female mice 44 wk old (33 wk after the last injection of azoxymethane). The dosage of azoxymethane was 10 mg/kg, subcutaneously, and weekly injections were given starting at 5 wk of age. Rat mammary tumor tissue was isolated from N-methylnitrosourea -treated Sprague-Dawley female rats (17) .
Plasmids
pLPC-Pak4 WT, pLPC-Pak4 (K350M), and pLPC-Pak4 (S445N) are described in refs. (6, 11) . To construct pLPC-Ras, HindIII/XhoI fragments from pCAN-Myc2-Ras were inserted into the HindIII/XhoI sites of the pLPC vector. Cdc42V12 was inserted into the EcoRI/XhoI sites of the pLPC vector. pLPC is a retroviral vector with a puromycin resistance marker (6) . The activated Pak4 mutant [Pak4(S445N)] has a single point mutation in which serine 445 is changed to asparagine (S445N). This mutation stabilizes the catalytic loop of the kinase domain and causes Pak4 to have a constitutively high level of kinase activity (6) .
Cell Culture, Transfection, and Establishment of Stable Cell Lines
Pak4 null fibroblasts were isolated from Pak4 null embryos at embryonic day (E9.5), as described (20) . Control fibroblasts were isolated from E9.5 wild-type littermates. All fibroblasts were cultured in DMEM (Invitrogen) containing 10% bovine calf serum. Eco Phoenix packaging cells were cultured in DMEM containing 10% fetal bovine serum. The medium was supplemented with 100 units of penicillin/mL, 100 Ag of streptomycin/mL, and 1 mmol/L glutamine. Stable cell lines containing wild-type Pak4, activated Pak4, empty vector, or RasV12 were grown as described above in the presence of puromycin (2.0 Ag/mL). Stable cell lines were generated by retroviral infection of the vectors, followed by selection with the selectable marker puromycin, as described (6) . Briefly, Phoenix packaging cells were transfected with empty pLPC vector, pLPC-myc-Pak4, pLPC-myc-Pak4 (S445N), or pLPCmyc-RasV12 by the calcium phosphate precipitation method. Supernatants containing the released viruses were collected from the packaging cells 2 d after transfection and filtered through a 0.45-Am pore size filter. The virus was then used to infect either NIH3T3 cells or Pak4 null or Pak4 wild-type fibroblasts. Cells were selected with puromycin (2 Ag/mL). Expression of Pak4 or Ras was determined by Western blotting.
In vivo Tumorigenesis
Five-week-old Ncr nu/nu male mice were purchased from Taconic Farm. All animals were housed four to a plastic cage with filter top. The animal room was controlled at 20 F 2jC, 50 F 10% humidity, and a 12-h light/dark cycle. Fresh AIN-93G diet was replenished twice weekly. For all studies, the mice were allowed to acclimate at least 3 d after receipt of shipment. Before injection, the cells were washed with PBS, harvested by trypsinization, resuspended, and kept on ice until injection. Cells (1 Â 10 6 ) in a 100 AL mixture containing Matrigel (BD Biosciences) and culture medium at a 1:1 ratio were injected subcutaneously to the both flanks of the mice. This is the same concentration that was reported to be used for assessing the tumorigenicity of oncogenic Ras in nude mice (21) . Mice were monitored regularly until termination of the study. Tumor size (length and width) was measured by a caliper and calculated based on tumor volume = 0.5 Â width 2 Â length (22) . All animals were sacrificed by CO 2 asphyxiation, and tumors were harvested and weighed. Half of the tissue was fixed in 10% formalin for histopathology analysis and the other half was frozen in liquid nitrogen for Western blot analysis.
Histologic Examination
Tumor tissues from athymic mice were fixed in 10% formalin and then dehydrated gradually in alcohol. The tissues were embedded in paraffin and were sectioned at a thickness of 5 Am. The sections were stained with H&E for histologic evaluation.
Immunohistochemistry
A standard avidin-biotin peroxidase complex method was used in this study, as described (23) . In brief, after dewaxing and rehydrating, the slides were heated in a pressure cooker in sodium citrate buffer (0.01 mol/L, pH 6.0) for 3 min after reaching full pressure. Endogenous peroxidase was quenched using 3% hydrogen peroxide in methanol. Sections were then blocked for 1 h at room temperature in PBS containing 3% normal horse or goat serum, depending on the origin of the primary antibody. The sections were then immunostained with cleaved caspase-3 (1:200, Cell Signaling) or Ki-67 (1:50 DakoCytomation) antibodies overnight at room temperature. The antibodies were diluted in 10% goat serum. The sections were rinsed in PBS and incubated with a biotinylated secondary antibody and subsequently incubated in Vectorstain Elite ABC reagent for 30 min, using 3,3-diaminobenzidine (Vector Laboratories) as the chromogen. Sections were then counterstained for 2 to 3 min with hematoxylin (Sigma) and mounted with Permount.
Western Blot Analysis
Western blots were carried out as described (5). Horseradish peroxidase -conjugated secondary antibodies were from Sigma.
Western blot protein bands were visualized by the enhanced chemiluminescence method (Amersham).
Antibodies
Polyclonal Pak4 antibody, cleaved caspase-3 antibody, phospho-ERK, total ERK, phospho-p38, p38, and myc tag antibodies were from Cell Signaling. Mouse monoclonal Ras antibody was from Calbiochem.
Generation of Conditional Pak4 Knockout Cells
Ad-Cre, an adenovirus that expresses Cre recombinase (24), was prepared in 293 cells as described (25) . Immortalized mouse fibroblasts containing a floxed allele of Pak4 were used for these studies. These cells, referred to as Pak4Flox cells, have two LoxP sites flanking the Pak4 coding sequence (see Supplementary Fig. S1 ). The cells were immortalized by serial passaging. Pak4Flox cells were infected with Cre recombinase adenoviruses as described (24) . The Cre recombinase causes the sequences between the LoxP sites to be deleted, resulting in a null allele of Pak4, referred to as Pak4Del. Cells were plated in a six-well plate and used when they were 70% confluent. Cells were incubated with AdCre in DMEM medium overnight at 37jC. After infection, cells were maintained in DMEM medium containing 10% fetal bovine serum, 100 units of penicillin/mL, 100 Ag of streptomycin/mL, and 1 mmol/L glutamine. Pak4 protein expression was then evaluated by Western blotting to confirm the deletion of Pak4. Pak4Del is referred to as Pak4 
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